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(57) ABSTRACT

A reverse-conducting power semiconductor device with a
wafer has first and second main sides which are arranged
opposite and parallel to each other. The device includes a
plurality of diode cells and a plurality of gate commutated
thyristors (GCT) cells. Each GCT cell includes layers of a
first conductivity type (e.g., n-type) and a second conductiv-
ity type (e.g., p-type) between the first and second main sides.
The device includes at least one mixed part in which diode
anode layers of the diode cells alternate with first cathode
layers of the GCT cells. In each diode cell, a diode buffer layer
of the first conductivity type is arranged between the diode
anode layer and a drift layer such that the diode buffer layer
covers lateral sides of the diode anode layer from the first
main side to a depth of approximately 90% of the thickness of
the diode anode layer.

31 Claims, 5 Drawing Sheets
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1
REVERSE-CONDUCTING POWER
SEMICONDUCTOR DEVICE

RELATED APPLICATION

This application claims priority to European Application
14174099 .3 filed on Jun. 26, 2014. The entire content of this
application is hereby incorporated by reference in its entirety.

FIELD

The present disclosure relates to the field of power semi-
conductor devices. More particularly, the present disclosure
relates to a reverse conducting power semiconductor device.

BACKGROUND INFORMATION

A reverse conducting gate commutated thyristor (RC-
GCT) combines one or more gate commutated thyristors
(GCTs) and one or more diodes within a single power semi-
conductor device. A bi-mode gate commutated thyristor
(BGCT) is a RC-GCT which includes, in a single semicon-
ductor wafer, a plurality of GCT regions or cells electrically
connected in parallel to one another, and a plurality of diode
cells distributed between the GCT cells. The diode cells are
also electrically connected in parallel to one another and to
the GCT cells, albeit with opposing forward direction.

The diode cells provided in the semiconductor wafer allow
for operating the BGCT in a diode mode, thus providing for
reverse conductivity of the BGCT, which is required for a
plurality of applications in power electronics.

A known BGCT is described in WO 2012/041958 A2,
which is hereby included by reference in its entirety. FIG. 1
shows a cross-sectional view of the BGCT known from WO
2012/041958 A2.

The known BGCT 1' includes a semiconductor wafer hav-
ing a first main side 11 and a second main side 15. The second
main side 15 is arranged parallel to the first main side 11. The
known BGCT 1' includes an (n-)-doped drift layer 3 located
between—and extending in a direction parallel to—the first
main side 11 and the second main side 15. The known BGCT
1' also includes a plurality of GCT cells 91, where each GCT
cell 91 includes layers in the wafer in the following order
between the first main side 11 and the second main side 15: an
n-doped thyristor cathode layer 4, a p-doped thyristor base
layer 6, a thyristor drift layer 3' (which is part of the drift layer
3), an n-doped thyristor buffer layer 8 and a (p+)-doped
thyristor anode layer 5. The GCT cell 91 also includes a
thyristor cathode electrode 2 arranged on the first main side
11 on each thyristor cathode layer 4, a thyristor anode elec-
trode 25 arranged on the second main side 15 on each thyris-
tor anode layer 5, and a plurality of gate electrodes 7 arranged
on each thyristor base layer 6 lateral to, but separated from,
the thyristor cathode electrode 2 and the thyristor cathode
layer 4. The gate electrodes 7 contact the p-doped thyristor
base layer 6.

In addition, the BGCT 1' includes a plurality of diode cells
96 which include layers in the following order in the semi-
conductor wafer between the first and second main sides 11,
15: a p-doped diode anode layer 55, a diode drift layer 3"
(which is part of the drift layer 3), and an n-doped diode
cathode layer 45, which is arranged alternating to the thyristor
anode layer 5 adjacent to the second main side 15. Finally, the
BGCT 1'includes a diode anode electrode 28 arranged on the
first main side 11 on each diode anode layer 55. The plurality
of'diode cells 96 form the diode part of the reverse conducting
semiconductor device of the BGCT 1.
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2

The diode cells 96 are separated from the GCT cells 91 by
uniform separation regions 350, which are formed by parts of
the drift layer 3 located between the diode cells 96 and GCT
cells 91 and where the drift layer 3 extends to the first main
side 11.

For a known BGCT, in the GCT mode operation, the dedi-
cated diode regions are utilized during conduction due to the
plasma (charge) spreading into those regions. In the diode
mode operation, the dedicated GCT regions are also utilized.
The tilted arrows in FIG. 1 show the expected plasma spread
in GCT mode operation, which can be inverted for the diode
mode.

The dimensioning of the GCT cells 91 and separation area
between the diode and GCT cells 91, 96 is an important factor
for area utilization. The separation regions 350 must be
designed to enable the required blocking capability for the
gate drive (gate cathode blocking capability, e.g., =20V dur-
ing GCT turn off and blocking) while keeping the dimensions
(separation region distance) to a minimum for total area uti-
lization (in order to enable plasma spreading from GCT
regions 91 to dedicated diode regions 96 in the GCT mode of
operation and vice versa).

In high voltage devices like BGCTs 1', the N--base
(N-drift layer) is usually very low doped and if the separation
region distance is small, there is a possibility for the punch-
through effect and eventually this region cannot block the
required gate drive voltage. Even if the small separation dis-
tance is enough to block the required gate drive voltage (dur-
ing turn-off and blocking), there will be a high gate cathode
leakage current since PNP (p-thyristor base layer 6, n-drift
layer 3, p-diode anode layer 55) gain is too high due to the low
doped n-drift layer 3 and a small distance of the n-drift layer
3 between the thyristor base layer 6 and the diode anode layer
55, i.e., the width of the separation region 350.

SUMMARY

An exemplary embodiment of the present disclosure pro-
vides a reverse-conducting power semiconductor device with
a wafer having a first main side and a second main side. The
second main side is arranged parallel to the first main side.
The exemplary device includes a plurality of diode cells, and
a plurality of gate commutated thyristor (GCT) cells. Each
GCT cell includes layers in the following order between the
first and second main sides: (i) a thyristor cathode electrode;
(ii) a thyristor cathode layer of a first conductivity type; (iii) a
thyristor base layer of a second conductivity type different
from the first conductivity type; (iv) a drift layer of the first
conductivity type; (v) a thyristor buffer layer of the first
conductivity type; (vi) a thyristor anode layer of the second
conductivity type; and (vii) a thyristor anode electrode. Each
GCT cell also includes a gate electrode which is arranged
lateral to the thyristor cathode layer and separated from the
thyristor cathode layer by the thyristor base layer. Each diode
cellincludes (i) a diode anode electrode on the first main side,
(i1) a diode anode layer of the second conductivity type which
is separated from the thyristor base layer by the drift layer,
(iii) the drift layer, (iv) a diode cathode layer of the first
conductivity type which is arranged alternating to the thyris-
tor anode layer on the second main side, and (v) a diode
cathode electrode, The device also includes at least one mixed
part in which the diode anode layers of the diode cells alter-
nate with the first cathode layers of the GCT cells. In at least
one of the diode cells, a diode buffer layer of the first conduc-
tivity type is arranged between the diode anode layer and the
drift layer such that the diode buffer layer covers lateral sides
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of the diode anode layer from the first main side at least to a
depth of 90% of the thickness of the diode anode layer.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional refinements, advantages and features of the
present disclosure are described in more detail below with
reference to exemplary embodiments illustrated in the draw-
ings, in which:

FIG. 1 shows a cross-sectional view of a known BGCT;

FIG. 2 shows a cross-sectional view of an RC-GCT accord-
ing to an exemplary embodiment of the present disclosure;

FIGS. 3 and 4 show cross-sectional views of RC-GCTs
according to exemplary embodiments of the present disclo-
sure;

FIG. 5 shows a top view of an RC-GCT according to an
exemplary embodiment of the present disclosure;

FIG. 6 shows a top view of an RC-GCT according to an
exemplary embodiment of the present disclosure;

FIG. 7 shows gate blocking characteristics of an RC-GCT
according to an exemplary embodiment of the present disclo-
sure compared to a known BGCT;

FIG. 8 shows on-state characteristics of an RC-GCT
according to an exemplary embodiment of the present disclo-
sure compared to aknown BGCT in a plane parallel to the first
main side on an axis going through a diode cell and a thyristor
cell;

FIG. 9 shows on-state characteristics of an RC-GCT
according to an exemplary embodiment of the present disclo-
sure compared to a known BGCT for the anode current versus
anode voltage; and

FIG. 10 shows the doping profile in a diode cell for the
diode anode layer, diode buffer layer to the diode drift layer,
according to an exemplary embodiment of the present disclo-
sure.

The reference symbols used in the drawings and their
meaning are summarized in the list of reference symbols.
Generally, identical or similarly functioning parts are given
the same reference symbols. The embodiments described
below are intended to be examples and shall not confine the
present disclosure.

DETAILED DESCRIPTION

Exemplary embodiments of the present disclosure provide
a reverse conducting power semiconductor device with
improved reduced lateral PNP (e.g., p-thyristor base layer 6,
n-drift layer 3, p-diode anode layer 55 in FIG. 2) gain at the
separation region.

According to an exemplary embodiment of the present
disclosure, the reverse conducting power semiconductor
device includes a wafer (also called a semiconductor chip)
having a first main side and a second main side, which is
arranged parallel to the first main side. The device includes a
plurality of diode cells and a plurality of GCT cells ((inte-
grated) gate commutated thyristor cells). According to an
exemplary embodiment, each GCT cell includes layers in the
following order between the first and second main sides: (i) a
thyristor cathode electrode, (ii) a thyristor cathode layer of a
first conductivity type (e.g., n-type), (iii) a thyristor base layer
of'a second conductivity type (e.g., p-type) different from the
first conductivity type, (iv) a thyristor drift layer of the first
conductivity type, (v) a thyristor buffer layer of the first con-
ductivity type, (vi) a thyristor anode layer of the second
conductivity type, and (vii) a thyristor anode electrode.

Each GCT cell also includes a gate electrode, which is
arranged lateral to the thyristor cathode layer and separated
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from the thyristor cathode layer by the thyristor base layer.
Such GCT cells are known in the art. They are similar to GTO
cells in their construction, from which they are a further
development, but differ from them in the gate control and
switching on and off. As used herein, the positioning of a
GCT cell refers to the positioning of the thyristor cathode
layer (and gate electrode and thyristor base layer), for
example, the positioning of the first main sided layers of the
IGCT cell.

According to an exemplary embodiment, each diode cell
includes (i) a diode anode electrode on the first main side,
which is in contact with (ii) a second anode layer of the
second conductivity type. The diode anode layer is separated
from the thyristor base layer by the drift layer. Each diode cell
also includes (iii) a diode drift layer, (iv) a diode cathode layer
of'the first conductivity type on the second main side, which
is arranged alternating to the thyristor anode layer, and (iv) a
diode cathode electrode, which is formed as a common elec-
trode with the thyristor anode electrode. The thyristor drift
layer and the diode drift layer form a drift layer, which is a
continuous layer over a whole plane of the wafer in a plane
parallel to the first main side.

As used herein, the positioning of a diode cell refers to the
positioning of the diode anode layer, for example, the posi-
tioning of the first main sided layers of the diode cell. In each
diode cell, a diode buffer layer of the first conductivity type is
arranged between the diode anode layer and the drift layer
such that the diode buffer layer covers lateral sides of the
diode anode layer from the first main side at least to a depth of
approximately 90% of the thickness of the diode anode layer.

According to an exemplary embodiment, the device
includes at least one mixed part, in which diode cells (e.g., the
diode anode layers of the diode cells) alternate with GCT cells
(e.g., the thyristor cathode layers (and gate electrode and
thyristor base layer) of the GCT cells).

Due to the introduction of the diode buffer layer, the lateral
PNP gain of the parasitic BJT at the separation region and
hence the gate-cathode leakage current is reduced consider-
ably as shown in FIG. 7. For a voltage of =20V, the leakage
current can be reduced by factor of 3 from a known BGCT to
the RC-GCT according to the present disclosure.

For FIGS. 7 to 9, the graphs have been obtained from
RC-GCTs having a diode anode layer 55 with a maximum
doping concentration of 1*10'7 cm™, and a thickness of the
diode anode layer from the surface of the wafer to the pn
junction of 20 um.

The diode buffer layer in this example has a maximum
doping concentration of 1*10'> cm™, and a thickness of the
diode buffer layer from the diode anode junction to n- drift
layer of 17 um. The sheet carrier concentration of the diode
bufferis 7*10'! cm™2. FIG. 10 shows the doping profile in the
diode cell for the diode anode layer 55, diode buffer layer 32
and the diode drift layer 3" for the illustrative embodiment of
the RE-GCT used in this example.

In accordance with an exemplary embodiment of the
present disclosure, the lateral PNP gain may be further
reduced by a weakening of the diode anode efficiency. This
may be achieved by proving a diode anode layer of lower
thickness and/or lower depth than the thyristor base layer.

The n-diode buffer layer around the diode anode layer of
the BGCT not only reduces the lateral PNP gain (between the
diode p-anode layer, n-drift layer and GCT p-thyristor base
layer), but also reduces the vertical PNP gain (p-GCT anode
layer, n-drift layer, diode p-anode layer), thereby improving
the on-state performance of the BGCT in GCT mode by
enhancing the plasma in the diode part (left sided part of FIG.
8), because the diode n-buffer layer acts as an enhancement
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layer inthe diode part of the device as shown in FIG. 8 without
significant impact on the main blocking capability of the
BGCT.

Due to the introduction of the diode n-buffer layer, the
separation region width can be kept at a minimum. This
allows a better utilization of wafer area (which may be of
silicon, for example) due to plasma spread from GCT regions
to dedicated diode regions in the GCT mode and vice versa.

FIG. 9 shows the on-state characteristics of the RC-GCT
according to an exemplary embodiment of the present disclo-
sure, in comparison to the on-state characteristics of a known
RC-GCT. FIG. 9 shows the anode current against anode volt-
age. The RC-GCT of'the present disclosure is superior in view
of the on-state performance compared to that of the known
RC-GCT due to the improved plasma distribution, which is
shown in FIG. 8.

Additional advantages of the reverse conducting power
semiconductor device of the present disclosure are described
with reference to the exemplary embodiments illustrated in
the drawings.

FIG. 2 shows an exemplary embodiment of a semiconduc-
tor device in the form of a reverse conducting power semi-
conductor device 1 with a wafer 10 having a first main side 11
and a second main side 15, which is arranged parallel to the
first main side 11. The device includes a plurality of diode
cells 96 and a plurality of GCT cells 91. According to the
illustrated embodiment, each GCT cell 91 includes layers in
the following order between the first and second main sides
11, 15: (i) a thyristor cathode electrode 2 (e.g., exemplarily in
the form of an cathode metallization layer), (ii) an n+ doped
thyristor cathode layer 4 (e.g., exemplarily in the form of a
cathode metallization layer), (iii) a p doped thyristor base
layer 6, (iv) an (n-) doped thyristor drift layer 3', (v) an
n-doped thyristor buffer layer 8, (vi) a p+ doped thyristor
anode layer 5, and (vii) a thyristor anode electrode 25 (e.g.,
exemplarily in the form of an anode metallization layer).

According to an exemplary embodiment, each GCT cell 91
also includes a gate electrode 7, which is arranged lateral to
the thyristor cathode layer 4 and separated from the thyristor
cathode layer 4 by the thyristor base layer 6. In an exemplary
embodiment, the thyristor buffer layer 8 has a maximum
doping concentration of at most 10'° cm™. As used herein,
the term “lateral” for layers shall mean that such layers are
arranged lateral to each other in the view of a plane parallel to
the first main side 11. According to an exemplary embodi-
ment, the thyristor buffer layer 8 is a continuous buffer layer
over the whole area of the wafer in a plane parallel to the first
main side 11. The thyristor buffer layer 8 corresponds to the
area in which a higher doping concentration than in the low
doped drift layer 3, but of the same conductivity type, is
present.

A plurality of such GCT cells 91 form the GCT part of the
reverse conducting semiconductor device 1 according to an
exemplary embodiment of the present disclosure.

The first main sided layers of a GCT cell (e.g., thyristor
cathode layer 4, thyristor base layer 6 together with gate
electrode 7) may be aligned to the second main sided layers of
the GCT cell (e.g., thyristor anode layer 5). In case of non-
alignment, that thyristor anode layer 5 which is arranged
closest to the first main sided layers shall belong to the same
cell. Therefore, in case of non-alignment, the device may be
designed in such a way that more than one second sided layer
may be allocated to a cell or in which one second sided layer
is allocated to two cells.

Each diode cell 96 includes a diode anode electrode 28
(e.g., exemplarily in form of an anode metallization layer), a
p doped diode anode layer 55 on the first main side 11, which
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is separated from the thyristor base layer 6 by the diode drift
layer 3, the drift layer 3, an (n+) doped diode cathode layer 45
on the second main side 15, which is arranged alternating to
the thyristor anode layer 5, and a diode cathode electrode. The
diode anode layer 55 contacts the diode anode electrode 28.
The thyristor anode electrode 25 of the GCT cells functions as
a diode cathode electrode for the diode cells 96. The thyristor
anode electrode 25 of the GCT cells extends on the second
main side 15 over the whole plane of the wafer in that area, in
which GCT and diode cells 91, 96 are arranged. The thyristor
anode electrode 25 forms a diode cathode electrode on such
parts, at which electrode 25 contacts the diode cathode layer
45.

In each diode cell 96, an n-doped diode buffer layer 32 is
arranged between the diode anode layer 55 and the drift layer
3 such that the diode buftfer layer 32 covers lateral sides of the
diode anode layer 55 from the first main side 11 at least to a
depth 0f 90% of the thickness of the diode anode layer 55. The
diode buffer layer has a higher doping concentration than the
drift layer. The term lateral sides of the diode anode layer 55
shall be understood as such part of the diode anode layer 55,
which extends from the first main side 11 (surface of the wafer
10) to approximately 90% of the thickness (maximum exten-
sion of the diode anode layer in a direction perpendicular to
the first main side 11). The diode buffer layer 32 may also
surround the deeper, centrally arranged part of the diode
anode layer 55 such that the diode buffer layer 32 separates
the diode anode layer 55 from the drift layer 3. However, in
another exemplary embodiment, the diode buffer layer 32
may restricted to the lateral sides, for example, in the central
part of the diode anode layer 55, there may be contact of the
diode anode layer 55 with the drift layer 3. Of course, the
diode buffer layer 32 may also cover the lateral sides of the
diode anode layer 55 to more than 90% diode anode layer 55
thickness, but still leaving a contact area to the drift layer 3
open in the central part of the diode anode layer 55. The
thickness of the diode anode layer shall be understood as the
maximum extension of the diode anode layer 55 in a direction
perpendicular to the first main side 11.

The diode anode layer 55 may have a thickness of 3 to 30
um (e.g., 10 to 20 um, or 10 to 15 pm). According to an
exemplary embodiment, the thyristor base layer 6 has a thick-
ness which is larger than the thickness of the diode anode
layer 55, for example, 3 to 10 times larger. In an exemplary
embodiment, the thickness of the diode anode layer is
between 20 to 120 um, for example.

According to an exemplary embodiment, the diode anode
layer 55 has a maximum carrier concentration in a range of
1#10%® to 1*10"® cm~3, for example, 5*10'° to 5*10'7 cm™>,
whereas the thyristor base layer 6 may have a maximum
carrier concentration of at least 5%10"® cm™>, for example, in
arange of 1¥10'7 to 1*10"® cm™>.

The diode buffer layer 32 corresponds to the area, in which
a higher doping concentration than in the low doped drift
layer 3, but of the same conductivity type, is present.

In an exemplary embodiment, the thyristor base layer 6 has
a maximum carrier concentration higher than a maximum
carrier concentration of the diode anode layer 55. Thus, in
another embodiment, the thyristor base layer 6 is thicker and
higher doped than the diode anode layer 55. In that case, there
is less injection efficiency in the diode anode layer 55 and
therefore, less lifetime control is needed than for a device with
a deeper diode anode layer 55.

In another exemplary embodiment, the diode buffer layer
32 has a sheet carrier concentration of at most 2¥10'> cm™.
The sheet carrier concentration of the diode buffer layer shall
correspond to the doping concentration of the diode buffer
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layer integrated over the depth, i.e. a direction perpendicular
to the first main side 11. The maximum doping concentration
of the diode buffer layer 32 is exemplarily at most 2%10"°
cm™>, exemplarily at most 1¥10'> cm™>. Depending on the
thickness of the diode buffer layer 32, the maximum doping
concentration is adapted and vice versa, i.e. a diode buffer
layer with higher thickness has a lower maximum doping
concentration than a diode buffer layer with lower thickness
(but higher maximum doping concentration).

That part of the wafer having a low (n—) doping concen-

tration, which is arranged in a plane between first and second
main side 11, 15, forms a drift layer 3. The drift layer 3
includes the thyristor drift layers 3' and the diode drift layers
3", e.g., exemplarily the thyristor and diode drift layers 3', 3"
have the same doping concentration. The drift layer 3 is
formed as a continuous layer. The drift layer 3 shall be the
layer of low doping concentration. According to an exem-
plary embodiment, the drift layer 3 has a constantly low
doping concentration. Herein, the substantially constant dop-
ing concentration of the drift layer 3 means that the doping
concentration is substantially homogeneous throughout the
drift layer 3, however without excluding that fluctuations in
the doping concentration within the drift layer being in the
order of a factor of one to five may be possibly present due to
e.g. a fluctuations in the epitaxial growth process. The final
drift layer thickness 32 and doping concentration is chosen
due to the application needs. An exemplary doping concen-
tration of the drift layer 3 is between 5*10'* cm™ and 5*10**
cm™”.
The first main sided layers of a diode cell (e.g., diode anode
layer 55) may be aligned to the second main sided layers of
the diode cell (e.g., diode cathode layer 45). In case of non-
alignment, that diode cathode layer 45 which is arranged
closest to the first main sided layers shall belong to the same
cell. Therefore, in case of non-alignment, the device may be
designed in such a way that more than one second sided layer
may be allocated to a cell or in which one second sided layer
is allocated to two cells.

According to an exemplary embodiment, the diode cell 96
is separated from the GCT cell 91 by a separation region 35,
which is formed by an n-doped layer. According to an exem-
plary embodiment, in the separation region 35, the drift layer
3 is arranged between the diode and GCT cell 96, 91 and the
drift layer 3 extends to the first main side 11. The separation
region 35 can also employ standard edge termination tech-
niques for improved field spreading under reverse biasing
conditions. In an exemplary embodiment, the separation
region 35 has a width of 5 to 200 um, for example, 20 to 100
pm.

In accordance with another exemplary embodiment, the
diode buffer layer 32 may extend into the separation region
35; it may even completely cover the drift layer 3 in the
separation region 35 towards the first main side 11 as shown
in FIG. 3. Thereby, the diode buffer layer 32 separates the
diode anode layer 55 from the diode drift layer 3".

A lifetime killing layer may be arranged at least in the
diode cells 96. This can be done by limiting the lifetime
killing layer to the diode cells 96 by using a mask during
creation or by applying a laterally limited ion beam onto the
diode cells 96. In another exemplary embodiment, the life-
time killing layer may be formed as a continuous layer over
the whole area of the wafer in one plane, the plane being
arranged parallel to the main sides. Independently of whether
the lifetime killing layer is limited to the diode cells 96 or
made as a continuous layer, the device is exemplarily irradi-
ated with protons or Helium ions for the creation of the
lifetime killing layer, followed by an anneal step.
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As used herein, the term “depth” shall mean the maximum
distance to which a layer extends from the side, at which the
layer is arranged; for example, for the p thyristor base layer 6,
it is the maximum distance from the first main side 11 and in
orthogonal projection to the first main side 11. The first main
side 11 shall be arranged in that plane, on which the gate
electrodes 7 project from the wafer 10.

The device includes at least one mixed part 99, in which
diode cells 96 alternate with GCT cells 91. In an exemplary
embodiment, the diode cells 96 are arranged such that one
diode cell 96 is arranged between two neighbored GCT cells
91. This configuration means that each diode cell is 96
arranged such that one diode anode layer 55 is arranged
between two neighbored GCT cells 91, for example, between
the thyristor cathode layers 4 belonging to these GCT cells 91
and/or their gate electrodes 7.

In another exemplary embodiment, there may be a plurality
of GCT cells 91 arranged directly neighbored to each other
such that the ratio of the diode cells 96 to GCT cells 91 varies
between 1:1 up to 1:5. The number of diode cells 96 is defined
as the number of diode anode layers 55 and for the GCT cells
91 as the number of thyristor cathode layers 4. Also, for the
mixed part 99, the diode cell 96 shall be understood as the
arrangement of the diode anode layers 55 and the GCT cells
91 as the arrangement of thyristor cathode layers 4.

As used herein, the positioning of a diode cell 96 refers to
the positioning of the diode anode layer 55, i.e. the position-
ing of the first main sided layers of the diode cell 96. As used
herein, the positioning of a GCT cell 91 refers to the posi-
tioning of the thyristor cathode layer 4 (and gate electrode 7
and thyristor base layer 6), i.e. the positioning of the first main
sided layers of the GCT cell 91.

In accordance with an exemplary embodiment, the struc-
tures on the first main side 11 are aligned to the structures of
the second main side 15. This arrangement means that in a
diode cell 96 the diode anode layer 55 is arranged in projec-
tion/opposite to the diode cathode layer 45. In the GCT cells
91, the thyristor cathode layer 4 and the gate electrode 7 are
arranged in orthogonal projection/opposite to the thyristor
anode layer 5. In another exemplary embodiment, the diode
cathode layers 45 are arranged in orthogonal projection to a
diode anode layer 55 in an area, which is limited at most by an
orthogonal projection area of the thyristor cathode layer 4 of
the directly adjacent GCT cells. Alternatively, there is no
alignment between the first main sided layers and the second
main sided layers.

In another exemplary embodiment, there are at least as
many GCT cells 96 as there are diode cells 91. The ratio can,
for example, be at least 1:3 in order to achieve a good GCT
performance. Even with such a ratio, there are still enough
diode cells 96 to ensure good performance in diode mode.

The diode cells 96 may have such a small size that during
operation of the device in the GCT mode, the plasma is
formable in the diode cell 96. This effect may be achieved by
at least one of or all of the diode cells 96 have a maximum
lateral extension in a plane parallel to the first main side 11 of
50 up to 500 pm. In order to achieve the effect, at least one of
or all of the GCT cells 91 may also have a maximum lateral
extension in a plane parallel to the first main side 11 of 50 up
to 500 um. In another exemplary embodiment, at least one or
all of the GCT and the diode cells have a maximum lateral
extension in a plane parallel to the first main side 11 of 50 up
to 500 um. Lateral extension of a cell can be understood as the
distance between two neighbored cells, e.g., the distance
between a diode anode layer 55 and one of the first main sided
layers of a directly neighbored GCT cell or between the first
main sided layers of two directly neighbored GCT cells.
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The thyristor cathode layer 4 includes one first half part,
which is arranged closer to a diode cathode layer 45 than a
second half part. The area in which the diode cathode layer 45
is arranged may be further limited by the diode cell area and
the orthogonal projection area of the first half part of the first
cathode layers 4 of the directly adjacent GCT cells 91. This
arrangement means that the diode cathode layers 45 are
arranged in orthogonal projection to an area of a diode anode
layer 55 which is limited at most by an orthogonal projection
area of that half part of the thyristor cathode layer 4 of the
directly adjacent GCT cells 91, which is arranged towards the
diode cathode layer 45.

The total area of the diode cathode layers 45 in a plane
parallel to the first main side 11 can be, for example, chosen
to be 10 to 30% of the total wafer area.

As shown in FIG. 4, the diode cathode layer 45 may be
formed of distributed cathode regions 451 alternating with p+
doped anode short regions 51 ofthe second conductivity type.
The anode short regions 51 do not have to be aligned with the
structure of the device on the first main side 11. According to
an exemplary embodiment, the diode cathode layers 45 as
well as the thyristor anode layers 5 and the anode short
regions 51 do not have to be positioned in orthogonal projec-
tion to the diode anode layer 55 or the thyristor cathode layer
4, respectively.

To allow fast switching between GCTs to the diode mode,
the diode cells 96 (e.g., diode anode layers 55) may be dis-
tributed uniformly over the wafer area in the mixed part 99.

As shown in FIG. 6, it may also be advantageous to have a
pilot GCT part 9 on the wafer 10, which includes only GCT
cells 91 (for example, six or more, such as at least 10), which
are arranged directly adjacent to each other, and not having a
diode cell in the pilot GCT part 9. This arrangement means
that a plurality of first cathode layers 4, thyristor base layers
6 and gate electrodes 7 are arranged directly adjacent to each
other without having a diode anode layer 4 in between. Such
a pilot GCT part 9 is provided on the first main side 11 of
thyristor cathode layers 4 and gate electrodes 7 (together with
the common, continuous thyristor base layer 6), which are
arranged directly adjacent to each other without having a
diode anode layer 4 in between.

Such a pilot GCT part 9 can be a single pilot GCT part or
there may be a plurality, i.e. two or more such GCT parts
arranged in the device. The total area of the GCT pilot parts 9
can be 10 to 50% of the total wafer area. With such a pilot
GCT part 9 the turn-on performance of the device can be
improved.

In yet another embodiment, the wafer 10 has a shape of a
circle and the first cathode layers 4 and the diode anode layers
55 are arranged as stripes radially to a center of the circle. The
diode cells 96 may be arranged in a regular manner around the
center of the circle as shown in FIG. 5. In another alternative,
there are pilot GCT parts 9, arranged in segments of the circle
alternating with segments, in which GCT cells 95 alternate
with diode cells 91, thus forming an area 99 mixed with GCT
cells 91 and diode cells 96.

In accordance with another exemplary embodiment, the
above-described conductivity types are switched, i.e. all lay-
ers of the first conductivity type are p-type (e.g., the drift layer
3) and all layers of the second conductivity type are n-type
(e.g., thyristor base layer 6).

It should be noted that the term “comprising” does not
exclude other elements or steps, and that the indefinite article
“a” or “an” does not exclude the plural. Also, it is conceived
that elements described in association with different embodi-
ments may be combined.
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The exemplary embodiments described above shall not
limit the scope of the present disclosure. The above-men-
tioned designs and arrangements are just examples for any
kind of possible designs and arrangements for the thyristor
base layer(s) and well (zones).

It will be appreciated by those skilled in the art that the
present disclosure can be embodied in other specific forms
without departing from the spirit or essential characteristics
thereof. The presently disclosed embodiments are therefore
considered in all respects to be illustrative and not restricted.
The scope of the disclosure is indicated by the appended
claims rather than the foregoing description and all changes
that come within the meaning and range and equivalence
thereof are intended to be embraced therein.

REFERENCE LIST

1 Reverse conducting power semiconductor device
1' Known reverse conducting power semiconductor device
10 Wafer

11 First main side

15 Second main side

2 Thyristor cathode electrode
25 Thyristor anode electrode
28 Second anode electrode
3,3', 3" Drift layer

32 Diode buffer layer

35 Separation region

4 Thyristor cathode layer

41 Half part

45 Diode cathode layer

451 Distributed cathode region
5 Thyristor anode layer

51 Anode short region

55 Diode anode layer

6 Thyristor base layer

7 Gate electrode

75 Gate contact

8 Buffer layer

9 Pilot GCT part

91 GCT cell

96 Diode cell

97 Single diode

99 Mixed GCT/diode part

What is claimed is:
1. A reverse-conducting power semiconductor device with
a wafer having a first main side and a second main side, the
second main side being arranged parallel to the first main
side, the device comprising:
a plurality of diode cells; and
a plurality of gate commutated thyristor (GCT) cells,
wherein each GCT cell comprises layers in the following
order between the first and second main sides:
(1) a thyristor cathode electrode;
(ii) a thyristor cathode layer of a first conductivity type;
(iii) a thyristor base layer of a second conductivity type
different from the first conductivity type;
(iv) a drift layer of the first conductivity type;
(v) a thyristor buffer layer of the first conductivity type;
(vi) a thyristor anode layer of the second conductivity
type; and
(vii) a thyristor anode electrode,
wherein each GCT cell further comprises a gate electrode
which is arranged lateral to the thyristor cathode layer
and separated from the thyristor cathode layer by the
thyristor base layer,
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wherein each diode cell comprises (i) a diode anode elec-
trode on the first main side, (ii) a diode anode layer of the
second conductivity type which is separated from the
thyristor base layer by the drift layer, (iii) the drift layer,
(iv) a diode cathode layer of the first conductivity type
which is arranged alternating to the thyristor anode layer
on the second main side, and (v) a diode cathode elec-
trode,
wherein the device comprises at least one mixed part in
which the diode anode layers of the diode cells alternate
with the first cathode layers of the GCT cells, and

wherein, in at least one of the diode cells, a diode buffer
layer of the first conductivity type is arranged between
the diode anode layer and the drift layer such that the
diode bufter layer covers lateral sides of the diode anode
layer from the first main side atleast to a depth 0o 90% of
the thickness of the diode anode layer.

2. The device according to claim 1, wherein the diode
buffer layer completely covers the diode anode layer.

3. The device according to claim 1, wherein the diode
anode layer has a thickness of 3 to 30 um.

4. The device according to claim 1, wherein the thyristor
base layer has a thickness which is larger than the thickness of
the diode anode layer.

5. The device according to claim 2, wherein the thyristor
base layer has a thickness which is larger than the thickness of
the diode anode layer.

6. The device according to claim 4, wherein the thickness
of the thyristor base layer is 3 to 10 times larger than the
thickness of the diode anode layer.

7. The device according to claim 1, wherein the thyristor
base layer has a thickness in a range between 20 to 120 pm.

8. The device according to claim 1, wherein the diode
buffer layer has a sheet carrier concentration of at most
2*1012 cm—2.

9. The device according to claim 2, wherein the diode
buffer layer has a sheet carrier concentration of at most
2%10"2 cm™>.

10. The device according to claim 1, wherein the diode
buffer layer has a maximum carrier concentration of at most
one of 2#10'® cm™ and 1*10"° cm™>.

11. The device according to claim 1, wherein the diode
anode layer has a maximum carrier concentration in a range
of one of (i) 1*10'® to 1*10'® em™ and (ii) 5*10'° to 5%10"7
cm™3.

12. The device according to claim 1, wherein the thyristor
base layer has a maximum carrier concentration higher than a
maximum carrier concentration of the diode anode layer.

13. The device according to claim 2, wherein the thyristor
base layer has a maximum carrier concentration higher than a
maximum carrier concentration of the diode anode layer.

14. The device according to claim 1, wherein the thyristor
base layer has a maximum carrier concentration of one of (i)
at least 5%10%° cm™ and (ii) in a range of 1*10'7 to 1*¥10'®
cm™,

15. The device according to claim 1, comprising:

at least one pilot GCT part which includes a plurality of

first cathode layers and gate electrodes, which are
arranged directly adjacent to each other without having
a diode anode layer in between.
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16. The device according to claim 1, wherein the diode
anode layers are distributed uniformly over the wafer area in
the mixed part.

17. The device according to claim 1, wherein at least one of
the first main sided part of the diode cells to the first main
sided part of the GCT cells or between two neighbored first
main sided parts of the GCT cells have a maximum lateral
distance to each other in a plane parallel to the first main side
of' 50 up to 500 um.

18. The device according to claim 1, wherein the diode
cathode layers are arranged in orthogonal projection to a
diode anode layer in an area which is limited at most by an
orthogonal projection area of the thyristor cathode layer of the
directly adjacent GCT cells.

19. The device according to claim 3, wherein the diode
anode layer has a thickness of 10 to 20 pm.

20. The device according to claim 3, wherein the diode
anode layer has a thickness of 10 to 15 pm.

21. The device according to claim 2, wherein the diode
anode layer has a thickness of 3 to 30 um.

22. The device according to claim 21, wherein the diode
anode layer has a thickness of 10 to 20 pm.

23. The device according to claim 21, wherein the diode
anode layer has a thickness of 10 to 15 pm.

24. The device according to claim 5, wherein the thickness
of the thyristor base layer has a thickness which is 3 to 10
times larger than the thickness of the diode anode layer.

25. The device according to claim 2, wherein the diode

anode layer has a maximum carrier concentration in a range
of one of (i) 1*10"® to 1*10*® cm~> and (ii) 5*10*° to 5*10*7
cm™,
26. The device according to claim 12, wherein the thyristor
base layer has a maximum carrier concentration of one of (i)
at least 5%10"° cm™ and (ii) in a range of 1¥10'7 to 1¥10*®
cm™3.

27. The device according to claim 13, wherein the thyristor
base layer has a maximum carrier concentration of one of (i)
at least 5%10"° cm™ and (ii) in a range of 1¥10'7 to 1¥10*®
cm™,

28. The device according to claim 2, comprising:

at least one pilot GCT part which includes a plurality of

first cathode layers and gate electrodes, which are
arranged directly adjacent to each other without having
a diode anode layer in between.

29. The device according to claim 2, wherein the diode
anode layers are distributed uniformly over the wafer area in
the mixed part.

30. The device according to claim 2, wherein at least one of
the first main sided part of the diode cells to the first main
sided part of the GCT cells or between two neighbored first
main sided parts of the GCT cells have a maximum lateral
distance to each other in a plane parallel to the first main side
of' 50 up to 500 um.

31. The device according to claim 2, wherein the diode
cathode layers are arranged in orthogonal projection to a
diode anode layer in an area which is limited at most by an
orthogonal projection area of the thyristor cathode layer of the
directly adjacent GCT cells.
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